The immediate or innate immune response is the first line of defense against diverse microbial pathogens and requires the expression of recently discovered toll-like receptors (TLRs). TLR4 serves as a specific receptor for lipopolysaccharide (LPS) and is localized on the surface of a subset of mammalian cells. Although innate immunity is a necessary host defense against microbial pathogens, the consequences of its activation in the CNS can be deleterious, as we show here in a developing neural model. We examined the major non-neuronal cell types in the CNS for expression of TLR4 and found that microglia expressed high levels, whereas astrocytes and oligodendrocytes expressed none. Consistent with TLR4 expression solely in microglia, we show that microglia are the only CNS glial cells that bind fluorescently tagged lipopolysaccharide. Lipopolysaccharide led to extensive oligodendrocyte death in culture only under conditions in which microglia were present. To determine whether TLR4 is necessary for lipopolysaccharideinduced oligodendrocyte death in mixed glial cultures, we studied cultures generated from mice bearing a loss-of-function mutation in the tlr4 gene. Lipopolysaccharide failed to induce oligodendrocyte death in such cultures, in contrast to the death induced in cultures from wild-type mice. Finally, stereotactic intracerebral injection of lipopolysaccharide into the developing pericallosal white matter of immature rodents resulted in loss of oligodendrocytes and hypomyelination and periventricular cysts. Our data provide a general mechanistic link between (1) lipopolysaccharide and similar microbial molecular motifs and (2) injury to oligodendrocytes and myelin as occurs in periventricular leukomalacia and multiple sclerosis.
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Susceptibility to disease development or disease progression is associated with previous but nonspecific infection in perventricular leukomalacia (PVL), multiple sclerosis (Hernan et al., 2001; Kurtzke and Heltberg, 2001; Moses and Sriram, 2001; Yucesan and Sriram, 2001) , and other CNS diseases. This relationship between systemic infection and CNS disease has been particularly well documented for PVL, which serves as a useful example. PVL accounts for most of the cerebral palsy and cognitive impairment encountered in survivors of premature birth (Volpe, 2001) . The two pathologic hallmarks of PV L are focal necrosis with loss of all cellular elements and more diff use white matter injury (Banker and Larroche, 1962; Gilles et al., 1983; Takashima et al., 1986) affecting principally oligodendrocyte precursors (Back et al., 2001) . A relationship between systemic infection, circulating lipopolysaccharide (LPS), and the pathogenesis of PVL was suggested initially by studies of Gilles and coworkers (Gilles et al., 1976 (Gilles et al., , 1977 . In this work, systemic administration of LPS in neonatal animals resulted in forebrain white matter injury similar to that seen in PVL (Gilles et al., 1976 (Gilles et al., , 1977 . Two recent demonstrations of cerebral white matter lesions in fetal rabbits after the induction of maternal intrauterine infection with Escherichia coli are consistent with the earlier observations (Yoon et al., 1997b; Debillon et al., 2000) . In rats, maternal injection of LPS induced expression of the proinflammatory cytokines interleukin-1␤ (IL-1␤) and TNF-␣ in brains of offspring . In addition, a low dose of LPS increases the susceptibility of newborn rats to cerebral infarction in response to otherwise harmless periods of hypoxia-ischemia (Eklind et al., 2001) . In humans, several lines of clinical evidence link intrauterine infection to the generation of PVL. Thus, the incidence of PVL and cerebral palsy in premature infants is increased in the presence of (1) evidence for maternal/fetal infection (Grether et al., 1996; Perlman et al., 1996; Zupan et al., 1996; Baud et al., 1998; Dammann et al., 1998; O'Shea et al., 1998; Hansen and Leviton, 1999; Leviton et al., 1999; Redline et al., 2000; Resch et al., 2000; Wu and Colford, 2000; De Felice et al., 2001 ) and (2) elevated levels of various cytokines in cord blood (Yoon et al., 1996) , amniotic fluid (Yoon et al., 1997a) , and neonatal blood (Grether et al., 1996 (Grether et al., , 1999 Nelson et al., 1998) . Moreover, the demonstration of proinflammatory cytokines within PVL lesions is also supportive of a relationship between PVL and intrauterine infection, although this could potentially be a secondary effect of ischemia or other insults (Deguchi et al., 1996; Kadhim et al., 2001) .
Because the bacterial sources of maternal/fetal infection associated with premature birth and PVL (Gibbs et al., 1992) are diverse, the possibility exists that the underlying mechanistic link is a feature of infection per se and not a specific organism. The innate immune response is activated by specific molecular motifs derived from a wide variety of pathogenic bacteria (Medzhitov and Janeway, 1997a; Imler and Hoffmann, 2000; Kaisho and Akira, 2000) . The molecular and cellular basis for this innate immune response only recently is unfolding and currently is understood best for LPS. Circulating LPS binds to an LPSbinding-protein and to CD14. However, to exert its pathogenic effect, LPS requires TLR4, which is present on circulating monocytes/macrophages and other systemic immune cells (Poltorak et al., 1998; Hoshino et al., 1999; Qureshi et al., 1999; Zhang and Ghosh, 2001) . Recently, the cellular localization of TLR4 mRNA was studied in the rat CNS. In addition to expression in the leptomeninges and choroid plexus, cells resembling microglia within the parenchyma were also positive for TLR4 (Laflamme and Rivest, 2001) .
TLR4 is necessary for signal transduction induced by LPS and such cellular consequences of LPS stimulation as expression of reactive oxygen species and various cytokines. The potential link to the relationship of maternal/fetal infection and PVL is that oligodendrocytes have been shown to be vulnerable to injury by oxidative stress and proinflammatory cytokines (Woodroofe, 1991; Constam et al., 1992; Merrill et al., 1993; Benveniste, 1994; Benveniste et al., 1994 Benveniste and Benos, 1995; Vartanian et al., 1995; Woodroofe, 1995; Yonezawa et al., 1996) . Moreover, in studies directly addressing the possibility of a maturation dependence of cytokine or oxidative stress-induced injury to oligodendrocytes, oligodendroglial precursors have been shown to be more vulnerable than mature cells (Oka et al., 1993; Yonezawa et al., 1996; Baerwald and Popko, 1998) .
The purpose of this study was to determine whether the cellular mechanism by which LPS mediates oligodendrocyte and white matter injury involves the innate immune response and any other cell types in the CNS. We found that microglia expressed both CD14 and TLR4. Oligodendrocyte precursors, one of the major target cells injured in PVL (Back et al., 2001) , expressed very low levels of CD14 but no TLR4. In addition, although LPS had no effect on highly purified preparations of these oligodendrocyte precursors, in mixed cultures LPS was a potent inducer of oligodendrocyte precursor death. Consistent with these observations, in Boyden chambers, LPS stimulated microglia-secreted factors that induced death of purified oligodendrocyte precursors. Moreover, in mixed glial cultures prepared from mice bearing a lossof-function mutation in the tlr4 gene, LPS had no effect on oligodendrocyte precursors. To explore the in vivo relevance of these in vitro findings, we evaluated the effects of LPS when it was stereotactically injected into the pericallosal area of the immature animal. We found that in vivo, LPS injured oligodendrocytes and induced white matter injury manifested by hypomyelination and cystic lesions, which are neuropathological characteristics of human PVL.
MATERIALS AND METHODS

RT-PCR.
Relative levels of CD-14 and the toll-like receptor TLR4 mRNA in astrocytes, microglia, and oligodendrocytes were determined by RT-PCR. cDNA was synthesized from total RNA with oligo(dT) primers and Moloney murine leukemia virus reverse transcriptase (SuperScript II, Invitrogen, Gaithersburg, MD) at 42°C for 1 hr. cDNA from 2.5 g total RNA was used as a template for PCR amplification in a 50 l reaction volume containing 1ϫ PCR buffer, 0.1 mM dN TPs, and 0.1 M each primer. Thirty cycles were performed using recombinant Taq DNA polymerase (Invitrogen) (94°C for 45 sec, 60°C for 45 sec, and 72°C for 2 min) and a final 10 min 72°C extension. In all experiments, amplification of ␤-actin was run in parallel to normalize samples. Primers used for PCR were obtained from Invitrogen: CD14, sense GTGC TC -C TGCCCAGTGAAAGA, antisense GATC TGTC TGACAACCC T-GAGT; TLR4, sense TTGAAGACAAGGCATGGCATGG, antisense TC TCCCAAGATCAACCGATG.
Primar y culture preparation. Primary cultures of oligodendrocytes, microglial cells, and astrocytes were generated from the forebrains of 2-to 3-d-old Sprague Dawley rats as described previously (Vartanian et al., 1995) . Briefly, brain tissue was triturated and dissociated with trypsin for 20 min at 37°C. After mechanical dissociation, the cells were plated in DM EM supplemented with 10% fetal bovine serum (FBS) and penicillin /streptomycin. Mixed glial cultures containing oligodendrocytes, microglia, and astrocytes were maintained for different periods of time. After 1 week in culture, mixed glial cultures were shaken for 30 min at 180 rpm. The supernatants containing Ͼ90% microglia were plated onto uncoated tissue culture plates, tissue culture inserts, or cover glasses. Fifteen minutes after plating, nonadherent cells (predominantly astrocytes and oligodendrocytes) were removed by three washes with PBS leaving cultures Ͼ98% microglia by immunostaining. Microglia were maintained in DM EM with 5% FBS. Oligodendrocyte progenitors were isolated from the remaining adherent cells by a second shake of 12 hr at 180 rpm. After this second shake the supernatant was preplated on tissue culture flasks for 1 hr in the presence of leucine methyl ester (a specific macrophage/microglial toxin) and passed successively through 20 and 10 m mesh filters, removing most of the contaminating astrocytes and microglia (Giulian et al., 1994a (Giulian et al., , 1995 Vartanian et al., 1995; Hewett et al., 1999) . Enriched oligodendroglia were plated on poly-D-lysine-coated cover glasses in serum-free DM EM with BSA, N2 supplements, PDGF-AA (10 ng /ml) and basic FGF (10 ng /ml). One-half of the media was exchanged with fresh media every 2 d. These enriched oligodendrocyte cultures were assayed for contamination by microglia and astrocytes for each preparation. T ypically cultures contained ϳ0.5-2% microglia cells as assessed by uptake of diI-acetyl low density lipoprotein depending on the preparation (data not shown). For L PS experiments on oligodendrocytes directly or in Boyden chambers, only preparations containing 0.5% microglia or less were used. T wo days before experimentation, cultures were switched to medium containing N2 supplements to allow cells to develop to the O4ϩ/O1Ϫ stage (Barres et al., 1993; Gard and Pfeiffer, 1993) . Under these conditions, Ͼ95% of the cells were O4 ϩ and Ͻ5% were O1 positive. In this paper we use the term oligodendrocyte precursor to denote an O4ϩ/O1Ϫ oligodendrocyte.
Mixed glial cultures were prepared from the forebrain of lps d and wild-type (W T) mice by procedures identical to those described for preparation of the rat brain cultures. However, in the former case, forebrains were isolated from embryonic day 17 embryos. Mouse cells were cultured in DM EM containing 0.05% BSA, 2% FBS, and N2 additives.
Immunofluorescence microscopy. For O4 immunofluorescence, live cultures were incubated for 15 min with the O4 monoclonal antibody (mAb), washed with PBS, then fixed in fresh 4% paraformaldehyde in PBS for 7 min at ambient temperature, washed with PBS, then incubated with the relevant secondary antibody (Jackson ImmunoResearch) and visualized by epifluorescence. For GFAP immunofluorescence, cells were treated with 0.125% Triton X-100 in PBS for 20 min before incubation with primary antibody. Primary antibodies used were against the following: O4 (American T ype C ell Culture) and GFAP (Boehringer Mannheim). Immunofluorescent images were obtained using a Nikon Eclipse 660 Microscope with 20ϫ, 40ϫ, and 60ϫ objectives, and a Spot cooled CCD. For direct staining with fluorescently tagged L PS, living cells were incubated with Alexa 488-conjugated L PS (E. coli or Salmonella; Molecular Probes, Eugene, OR) in serum-free medium at 37°C for 1 hr, washed three times with PBS, then directly visualized, and images were captured with a Spot cooled CCD. Microglial cells were labeled by staining with the isolectin-B4 (I B4) (Molecular Probes).
LPS toxicit y studies. The effect of L PS on oligodendrocyte viability was assessed in highly enriched cultures of oligodendrocyte precursors in Boyden chambers with a second cell type in the upper chamber and in mixed glial cultures. All experiments on enriched oligodendrocyte precursors alone and enriched oligodendrocyte precursors in Boyden chambers used preparations of oligodendrocyte precursors that contained Ͻ0.5% contaminating microglia. This low level was essential because even 2-5% microglial contamination was sufficient to induce oligodendrocyte injury by L PS (data not shown). T wo preparations of L PS were used [E. coli O55:B5 (C albiochem) or O11:B4 (Sigma, St. L ouis, MO)], and similar results were obtained with each of these. L PS was added to enriched cultures of oligodendrocyte precursors 2 d after plating for 5 d. For Boyden chamber experiments, enriched oligodendrocyte precursors were placed in the lower chamber on cover glasses. Upper chamber inserts contained microglia, astrocytes, rat fibroblasts, or no cells. L PS was added to the upper chamber for 48 hr at a concentration of 100 ng /ml. For toxicity studies on oligodendrocyte precursors in mixed glial preparations, L PS was added directly to the cultures for 2-5 d as indicated. In mixed cultures, the ratio of oligodendrocytes over total number of cells was established by counting immunopositive oligodendrocyte precursors (O4 ϩ ) and bisbenzimide (Hoechst)-positive nuclei in six different fields (200ϫ) from each of four coverslips per experimental point. Each experiment was repeated four or five times. The effects of L PS on the viability of enriched cultures of astrocytes or oligodendrocyte precursors was assessed by MTT assays in 48-well plates. Reduction of the tetrasodium dye MTT to a formazan product (maximal optical density 510 nm) was used for quantitation of cell survival (C elltiter, Promega).
Intracerebral stereotactic injection. L ong-Evans rats (weight 14.96 -20.04 gm) at postnatal day 7 were anesthetized in an ether chamber. A scalp incision along the sagittal suture was performed to access the skull, and a stereotactic drill was used to perforate the bone. Microinjections with a sharp beveled glass micropipette were conducted using stereotactic coordinates 1 mm posterior and 1 mm lateral to bregma and 2 mm below the dura. Lipopolysaccharide (E. coli 011:B4, Sigma), 5 g in 1 l, or vehicle was injected into the pericallosal white matter, the micropipette was removed, and the scalp incision was sutured. Rats were euthanized 72 hr or 3 weeks after injection with phenobarbital and then fixed by transcardial perf usion with PBS followed by 4% paraformaldehyde in PBS. Forebrains were post-fixed in 4% paraformaldehyde in PBS overnight, then cryoprotected in 30% sucrose. Coronal sections of 40 m were cut through the injection site with a freezing microtome, stored in PBS azide, and then mounted for immunohistochemical analysis. Oligodendrocytes and myelin were identified by staining with the mAb RI P (Developmental Studies Hybridoma Bank, Iowa C ity, IA). RI P recognizes an epitope expressed in both premyelinating and mature oligodendrocytes (Butt et al., 1997) . Tissue sections were incubated overnight with RI P hybridoma supernatant with 2% Triton X-100, washed three times, and then incubated with the relevant secondary antibody (C y3-conjugated goat anti-mouse or biotinylated goat anti-mouse IgG) for 2 hr. Sections incubated with biotinylated secondary antibody were visualized using the avidin -biotin -peroxidase complex (ABC) method with 3,3Ј-diaminobenzidine as chromogen. For each animal, six to eight sections in the area surrounding the injection site were examined by both light and fluorescence microscopy.
RESULTS
The effect of LPS on oligodendrocytes is not cell autonomous
Previous studies of cultured cells have shown a reduction in oligodendrocyte numbers in response to exposure to LPS (Merrill et al., 1993; Pang et al., 2000; Molina-Holgado et al., 2001 ). However, it has been unclear from this work whether the effect of LPS in inducing oligodendrocyte death is cell autonomous, and, if the effect is not cell autonomous, whether it is mediated through the action of astrocytes or microglia or both. To study the effect of LPS on oligodendrocyte precursor viability in an environment containing all CNS glial cell types (microglia and astrocytes, as well as oligodendrocyte precursors), mixed glial cultures that include O4 ϩ oligodendrocyte precursors were prepared and then treated with 10 ng/ml LPS for 48 hr. Toxicity of LPS was measured by determining the ratio of the number of O4 ϩ oligodendrocytes to the total number of cells. LPS induced a dramatic reduction in numbers of oligodendrocyte precursors when compared with cultures not treated with LPS (Figs. 1 A, B) .
The effect of LPS in inducing oligodendrocyte death in mixed glial cultures was dose dependent (Fig. 1C) . Even at extremely low doses of LPS (1 ng/ml), oligodendrocyte survival was significantly reduced. At 1 g/ml LPS, there was approximately a fourfold reduction in the proportion of O4 ϩ cells (Fig. 1C) . Furthermore, the effects of LPS in inducing cell death were specific to the oligodendrocyte lineage. The numbers of astrocytes were unaffected by LPS treatment (data not shown).
To clarify whether these effects of LPS on oligodendrocyte survival were cell autonomous, we prepared highly purified cultures of oligodendrocyte precursors (see Materials and Methods), thus eliminating other cell types through which LPS could be acting. Cultures were used for study only if astrocytes comprised Ͻ1% and microglia Ͻ0.5% of the total cell number. These purified cultures of oligodendrocyte precursor cells were treated with LPS for 5 d in culture. The dose-response curve for concentrations of LPS up to 10 g/ml failed to show any effect on oligodendrocyte survival (Fig. 1 D) . These data indicate that the toxicity of LPS on developing oligodendrocytes is not cell autonomous.
Microglia are the major mediators of LPS toxicity to oligodendrocyte precursor cells
Because LPS induced death of oligodendrocyte precursors in mixed glial cultures but not in purified oligodendroglial cultures, we sought to determine the cell type present in mixed glial cultures that responded directly to LPS and mediated oligodendroglial injury. Previous investigators have shown that LPS induces expression of inducible nitric oxide synthase as well as proinflammatory cytokines in cultured microglia and astrocytes (Merrill et al., 1993; Vartanian et al., 1995; Hartlage-Rubsamen et al., 1999; Hewett et al., 1999; Molina-Holgado et al., 2001 ). To determine the major cell type responsible for mediating the effects of LPS on cultured oligodendrocytes, we prepared purified cultures of astrocytes or microglia in Boyden chambers with 1 m pore diameters. In the lower chambers we placed purified cultures of oligodendrocyte precursor cells on coverslips. Astrocytes, microglia, or fibroblasts grown on semipermeable membranes in the upper chambers were treated for 48 hr with LPS at 100 ng/ml. Oligodendrocyte precursors in the lower chambers were quantitated by counting the number of O4 ϩ cells remaining at the end of the treatment period. Microglia treated with LPS, but not vehicletreated microglia, induced oligodendrocyte death in the Boyden chambers (Fig. 2) . In contrast, astrocytes treated with LPS did not significantly influence oligodendrocyte viability (Fig. 2) .
Microglia specifically bind LPS in vitro
The above result (Fig. 2) suggests that microglia are the major or sole targets of LPS in the CNS. If this were the case, we would then expect microglia to bind LPS specifically and astrocytes and oligodendrocytes not to bind LPS. To study LPS binding to CNS glia, we made use of fluorescently tagged LPS (see Materials and Methods) to identify high-affinity binding sites on the cells. Primary cultures of oligodendrocyte precursors, astrocytes, and microglia were incubated with LPS-Alexa at a concentration of 1 or 10 g/ml for 1 hr. Cells were then washed and immediately visualized by fluorescence microscopy. Microglia were labeled intensely with LPS-Alexa, whereas astrocytes and oligodendrocytes showed no labeling (Fig. 3) .
Microglia express the toll-like receptor TLR4
Because the receptors CD14 and TLR4 are required for the molecular and cellular effects of LPS in circulating monocytes (Means et al., 2000 (Means et al., , 2001 Medzhitov and Janeway, 2000; Zhang and Ghosh, 2001 ), we next determined whether these receptors are expressed in CNS microglia or other glial cells. Microglia have been shown to express CD14 (Becher et al., 1996; Lacroix et al., 1998) . To determine the cells in the CNS that express TLR4 as well as CD14, we prepared highly purified cultures of microglia, astrocytes, and oligodendrocyte precursors from the forebrains of newborn rats. Purity of cultures was assessed by immunocytochemistry as described in Materials and Methods. Total RNA was isolated from individual cultures and reverse transcribed, and PCR was performed using primers specific for rat CD14 or TLR4. Microglia clearly express both TLR4 and CD14 (Fig. 4 A) . Transcripts for CD14 were also detected in astrocytes (Fig. 4 A) . A much smaller amount of CD14 transcript was detected in the oligodendrocyte precursor cells (Fig. 4 A) . Neither astrocytes nor oligodendrocyte precursors expressed TLR4 (Fig. 4 A) . These findings support the hypothesis that microglia are the major cell type within the CNS capable of transducing LPS signals.
A previous study showed that TLR4 expression in the CNS was decreased in some animals after systemic LPS treatment and was consistently diminished by the combination of LPS and hypoxiaischemia (Eklind et al., 2001 ). We thus studied TLR4 expression in mixed glial cultures 6 and 24 hr after LPS treatment by . Activated microglia mediate oligodendrocyte precursor injury in response to LPS. Enriched populations of oligodendrocyte precursors grown on coverslips were exposed to secreted products of fibroblasts, astrocytes, and microglia in Boyden chambers. Upper chamber cells were treated with control buffer or LPS for 48 hr, and the O4 ϩ oligodendrocyte precursors in the lower chamber were quantitated by O4 ϩ immunostaining. In the absence of LPS, secreted products from fibroblasts, astrocytes, and microglia appeared to provide trophic support for oligodendrocyte precursors. Only LPS-stimulated microglia caused a significant reduction in oligodendrocyte precursor numbers. LPS-stimulated astrocytes or fibroblasts did not cause a significant reduction in O4 ϩ oligodendrocyte precursors. Experiments were performed three times, and results are shown as the mean Ϯ SD.
RT-PCR. We found no change in levels of TLR4 expression in mixed glial cultures after either 6 or 24 hr of LPS exposure (Fig.  4 B) . CD14 levels did appear to increase in response to LPS under these conditions (Fig. 4 B) .
TLR4 is necessary for LPS-mediated injury to developing oligodendrocytes
We next addressed the question of whether TLR4 is necessary for LPS-mediated oligodendroglial precursor death. The LPS hyporesponsive phenotype of the C3H/HeJ mouse (lps d locus) results from a missense mutation in the tlr4 gene. As a result of this coding sequence mutation, no detectable TLR4 protein is synthesized (Poltorak et al., 1998; Hoshino et al., 1999; Qureshi et al., 1999) . We took advantage of this naturally occurring defect in TLR4 signal transduction to examine the importance of TLR4 in LPS-mediated oligodendrocyte precursor injury. Mixed CNS forebrain cultures were prepared from lps d and control mice (BALB/cJ). After 14 d, cultures were treated with 10 g/ml LPS or control solution for 5 d, and oligodendrocyte precursor numbers were quantitated by O4 immunostaining. The numbers of O4 ϩ oligodendrocyte precursors in control cultures from lps d and WT mice were indistinguishable (Fig. 5 A, B) . As in mixed glial cultures from WT rat forebrain, LPS induced major loss of O4 ϩ oligodendrocyte precursors in mixed glial cultures from WT mouse forebrain (Fig. 5 A, B) . However, LPS treatment had no effect on oligodendrocyte precursor numbers in cultures from lps d mice (Fig. 5 A, B) . Similar results were obtained when the data were analyzed with respect to the total number of cells in culture assessed by 4Ј,6-diamidino-2-phenylindole staining. Extracellular potassium has been shown previously to enhance LPS-induced neurotoxicity (Chang et al., 2000) . We evaluated the effect of elevated extracellular potassium on LPS-mediated oligodendrocyte injury in WT and lps d cultures. Elevated extracellular potassium (20 mM) did not statistically enhance LPS-mediated oligodendrocyte precursor injury (Fig. 5B) . Furthermore, 20 mM potassium did not influence oligodendrocyte precursor numbers in lps d cultures in the presence or absence of LPS. To be certain that the percentage of microglia did not differ between lps d and WT mixed glial cultures, microglia were quantitated by IB4 staining. No differences in microglial numbers or morphology were detectable between WT and lps d cultures (Fig. 5C ). These data indicate that the toll-like receptor TLR4 is necessary for LPS-mediated injury to oligodendrocytes in mixed glial cultures.
Focal injection of LPS into developing cerebral white matter results in hypomyelination
To determine whether the effects of LPS that we observed in vitro were relevant to oligodendrocyte injury in vivo, we injected LPS or vehicle stereotactically into the developing white matter of neonatal rats at postnatal day 7. This in vivo model was used to avoid the potential hemodynamic effects of systemic injection. Of the total of 16 brains injected, 10 received LPS and 6 received vehicle. Animals then were studied after either 72 hr or 3 weeks. Five LPS-injected and three vehicle-injected animals were studied at each time point. At neither time point did the animals exhibit alterations in behavior or somatic growth. No abnormalities were noted in the vehicle-injected control group on either gross examination or RIP immunostaining when compared with uninjected controls (data not shown). Coronal sections from vehicle-injected animals after 72 hr showed a uniform distribution of oligodendrocytes in the corpus callosum and pericallosal white matter (Fig. 6 A) . The distribution in the contralateral uninjected hemisphere was identical (Fig. 6 A) . In contrast, there was clear evidence from RIP immunostaining for hypomyelination 72 hr after LPS injection. Within the corpus callosum adjacent to the Figure 4 . A, TLR4 is expressed in microglia. Total RNA was extracted from purified cultures of oligodendroglial precursors, microglial cells, and astrocytes. CD14 mRNA was detected in both astrocytes and microglia. TLR4 mRNA was detected only in microglia. B, LPS treatment of mixed glial cultures does not effect TLR4 expression. Mixed CNS glial cultures were treated with LPS or control solution for 6 or 24 hr. Transcripts for TLR4, CD14, and ␤-actin were identified by RT-PCR. TLR4 mRNA levels are unchanged by LPS treatment. CD14 mRNA levels appear to be increased after LPS treatment. LPS injection site there was a marked reduction in RIP immunoreactivity (Fig. 6 A) . In addition, few myelinating oligodendrocytes were noted by RIP immunostaining in the pericallosal white matter relative to the abundant staining in the controls (Fig. 6 A) .
Gross histologic abnormalities were identified qualitatively in the majority of LPS-injected brains but were never observed in the vehicle-injected brains. After 72 hr, three of five LPS-injected animals and, after 3 weeks, four of five of LPS-injected animals were noted to have enlarged ventricles (Fig. 6 B) . Additionally, after 72 hr, cystic lesions near or at the LPS injection site were found in three of five LPS-injected animals, and after 3 weeks, in two of five of the LPS-injected animals (Fig. 6 B) .
DISCUSSION
This report has addressed the cellular mechanism by which LPS mediates injury to oligodendroglial precursors, the cell type injured in human PVL (Back et al., 2001; Volpe, 2001) . The findings suggest that the oligodendroglial injury results from activation of the innate immune response in microglia. The data have implications for the relationship of infection and the role of the innate immune response in the pathogenesis of cellular injury in the brain.
Maternal/fetal infection is an important pathogenetic factor in a large subset of infants with PVL. Clinical, epidemiological and neuropathological data support this contention (see introductory remarks for review). Both clinical and experimental findings suggest a particularly important role for Gram-negative bacteria and their cell wall component LPS (Gilles et al., 1976 (Gilles et al., , 1977 Yoon et al., 1997b; Cai et al., 2000; Debillon et al., 2000) . Potential explanations for the relationship between intrauterine infection and PVL include such deleterious effects of microbial products and cytokines as the induction of premature labor and delivery, the genesis of cerebral ischemia by infection-induced hypotension, and impaired cerebrovascular autoregulation, or the direct injury of oligodendroglial precursor cells (Volpe, 2001) . However, none of these explanations adequately delineates how the diverse spectrum of microbials associated with intrauterine infection and the wide variety of potentially deleterious molecular products associated with these microbials might lead to the same result, i.e., oligodendroglial death. Our findings suggest that the unifying link between oligodendroglial death and these diverse microbes and associated molecular structures is activation of the innate immune response in microglia.
The innate immune response is the first line of defense against invading microbials (Janeway, 1992; Medzhitov and Janeway, 1997b; Means et al., 2000; Zhang and Ghosh, 2001 ). This response requires a series of microbial pattern recognition receptors that bind specific microbial-derived molecular motifs. It now appears that the toll-like receptors serve the important function of microbial pattern recognition receptors. A prototypical example of the innate immune response is mediated by the action of LPS on circulating monocytes and macrophages. In these bone marrow-derived cells, the toll-like receptor TLR4 is required for transducing the LPS signals (Poltorak et al., 1998; Hoshino et al., 1999; Qureshi et al., 1999) . Because microglia are bone marrowderived monocytes that are found in the CNS early in development (Hickey and Kimura, 1988; Hickey et al., 1992) , we hypothesized that these glial cells would express TLR4 and serve as the primary mediator of innate immune-mediated oligodendroglial injury. In this study we showed that microglia were the only glial cell type that expressed TLR4. Neither the cell destroyed by LPS activation, the oligodendroglial precursor cell, nor the astrocyte expressed TLR4. Consistent with these findings, microglia but not astrocytes or oligodendrocytes bound fluorescently labeled LPS. Moreover, in oligodendroglial cultures derived from WT mice expressing normal TLR4, LPS induces significant injury to developing oligodendrocytes. However, in cells bearing a loss-offunction mutation in the tlr4 gene (lps d mouse), oligodendrocyte precursor numbers were unaffected by LPS treatment. These findings strongly implicate the innate immune response, and in particular the TLR4 pathway in LPS activation of microglia and thereby bystander injury to oligodendrocyte precursors. Of note, a relationship between innate immunity and regeneration in the CNS has also been proposed (Schwartz et al., 1999) , although the molecular and cellular basis is not well understood.
Injury to oligodendrocytes can occur as the consequence of several specific mechanisms (Barres et al., 1992; Louis et al., 1993; Merrill et al., 1993; Cassaccia-Bonnefil et al., 1996; D'Souza et al., 1996; Trapp et al., 1997; McDonald et al., 1998; Fern and Moller, 2000) . The mechanism by which activation of innate immunity leads to bystander injury of oligodendrocyte precursors is not known, but considerable in vitro data implicate both oxidative stress and proinflammatory cytokines. LPS-activated microglia synthesize a wide variety of reactive oxygen species (Boje and Arora, 1992; Merrill et al., 1993; Mitrovic et al., 1994; Park et al., 1994; Chao et al., 1995; Vartanian et al., 1995; Hewett et al., 1999; Possel et al., 2000) , as well as numerous cytokines (Gebicke et al., 1994; Giulian et al., 1994b; Lee et al., 1994; Mizuno et al., 1994; Shrikant et al., 1995; Vartanian et al., 1995; Cai et al., 2000) . Oligodendroglial precursor cells have been shown to be exquisitely vulnerable to reactive oxygen species and to specific proinflammatory cytokines (Woodroofe, 1991 (Woodroofe, , 1995 Constam et al., 1992; Merrill et al., 1993; Benveniste, 1994; Benveniste et al., 1994 Benveniste and Benos, 1995; Vartanian et al., 1995; Yonezawa et al., 1996) . Importantly, in studies specifically evaluating the vulnerability of the oligodendroglial lineage to these effectors, oligodendroglial precursor cells have been shown to be more vulnerable than mature cells (Oka et al., 1993; Yonezawa et al., 1996; Baerwald and Popko, 1998) . Taken together these observations suggest that activation of the innate immune response in microglia in the developing brain can lead to death of oligodendroglial precursor cells in white matter, with sparing of astrocytes, a constellation of findings characteristic of human PVL of the premature infant (Volpe, 2001 ).
In conclusion, this research suggests that the underlying mechanistic link between the diverse microbes associated with maternal/fetal infection and PVL involves activation of the innate immune response. Microglia, known to be present in the early phases of evolution of PVL (Kadhim et al., 2001) , represent the CNS cell type involved in this activation. The toll-like receptor TLR4 appears to be crucial in mediating the microglial activation by LPS, a clinically relevant, prototypical mediator of the innate immune response. These observations do not preclude other deleterious effects of maternal/fetal infection regarding PVL, e.g., induction of premature birth, cerebral ischemia, or direct injury to oligodendroglial precursor cells. Nevertheless, the findings suggest a novel mechanistic link between diverse infections and PVL. The possibility is raised that blocking the innate immune response by targeting the TLR4 pathway would be beneficial in preventing or limiting oligodendroglial injury in PVL caused by a wide variety of bacterial pathogens.
